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Data Management in Maintenance Outsourcing 
D.N.P. Murthy1, M.R. Karim2,3 and A. Ahmadi4 
Abstract 
Most businesses view maintenance as tasks carried out by technicians and the data collected 
is mostly cost related. There is a growing trend towards outsourcing of maintenance and the 
data collection issues are not addressed properly in most maintenance service contracts. 
Effective maintenance management requires proper data management - data collection and 
analysis for decision-making. This requires a proper framework and when maintenance is 
outsourced it raises several issues and challenges. The paper develops a framework for data 
management when maintenance is outsourced and looks at a real case study that highlights 
the need for proper data management. 
 
Keywords: Maintenance; Outsourcing; Maintenance data; Data analysis; Maintenance 
Modelling; Case study. 
1. Introduction 
Businesses need engineered objects (product, plant or infrastructure) to produce goods and 
/or services. Every object is designed and built to some performance requirement and 
comprised of several components (or elements). The performance of the object depends on 
the performance of its components. Components degrade with age and/or usage and this, in 
turn, affects their performance and the performance of the object. A component is deemed to 
have failed when its performance falls below a specific pre-defined level. The failure of an 
object is due to the failure of one or more of its components.  
Maintenance actions are of two types – preventive maintenance (PM) actions to control 
the degradation processes and reduce the likelihood of failure of an item (component or 
object) and corrective maintenance (CM) actions to restore a failed item to a specified 
operational state, involving either repair or replacement of the item. Maintenance is a 
combination of technical, administrative, and managerial actions carried out during the life of 
an object. Effective maintenance requires proper data management – collecting, analysing 
and using models for decision making. Traditionally, maintenance was done in-house by the 
owner of the object and also dealt with the data management issues. Over the last few 
decades, there has been an increasing trend in the outsourcing of maintenance where some or 
all the maintenance is carried out by an external service agent under a maintenance service 
contract (MSC). This raises several challenging issues for both parties - the owner of object 
and the service agent (provider of the maintenance service). Data is needed for many 
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different purposes in outsourcing of maintenance, e.g. contract formulation, monitoring of the 
quality of maintenance provided by the service agent, improvements to maintenance, etc. Our 
focus in this paper is on data management in maintenance outsourcing.  
The outline of paper is as follows. We start with a brief discussion of outsourcing and the 
issues involved in Section 2. Outsourcing involves two (or more) parties – the owner of the 
object (and customer for the maintenance service) and the service agent. Section 3 deals with 
decision problems from the perspectives of the customer and the provider. Section 4 deals 
with the role and use of data and data management. Section 5 looks at data management in 
the context of maintenance outsourcing and discusses the several issues involved. Sections 6 
– 8 deal with a real case study where the object under consideration is a hydraulic pump 
whose maintenance is outsourced. Section 6 gives the description of the case study, Section 7 
deals with data collection and Section 8 looks at the data analysis and modelling to gain new 
insights and how it can be used to improve the maintenance process. Section 9 deals with the 
improvement process in data management. We conclude with some comments in Section 10.  
2. Outsourcing  
2.1 Basic Concept  
The conceptual basis for outsourcing (Campbell, 1995a) is as follows: 
1. Domestic (in-house) resources should be used mainly for the core competencies of the 
company. 
2. All other (support) activities that are not considered strategic necessities and/or whenever 
the company does not possesses the adequate competences and skills should be 
outsourced (provided there is an external agent who can carry out these activities in a 
more efficient manner). 
There are a number of reasons that drive businesses to outsource. The list of reasons include  
• Lower overhead costs through smaller workforce. 
• Uneconomical to have in-house experts. 
• Improve processes by benefitting from external input. 
• Improve focus on core activities. 
• Reduce risk by transferring some of the risks to the external agent. 
There are several issues that need to be addressed before deciding on outsourcing and 
include the following:  
• Is there a well-defined set of achievable business objectives? 
• Does outsourcing make sense? 
• Is the organisation ready? 
• What are the outsourcing alternatives? 
• What activities should be outsourced? 
• How should the best external agents be selected? 
• What are the negotiating tactics for contract formation? 
• How to decide on the fee?5  
• How to decide on incentives and/or penalties in the contract?  
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• What systems are needed for effective monitoring? 
• What are the potential risks? 
There is a vast literature on outsourcing. Clemons and Hitts (1997) introduced a 
framework for assessing the balance between outsourcing and in-house, and to determine 
which activities to outsource and which to retain internally.  
2.2 Maintenance Outsourcing 
Most businesses tend not to view maintenance as a core activity and have moved towards 
outsourcing it. For these businesses, it is no longer economical to carry out the maintenance 
in house. There are a variety of reasons for this including the need for a specialist work force 
and diagnostic tools that often require constant upgrading. In these situations, it is more 
economical to outsource the maintenance (in part or total) to an external agent through a 
maintenance service contract. 
Maintenance of an object involves carrying out three sequentially linked activities 
indicated below.6  
1. Work Planning (D-1): What elements (components) need to be maintained? 
2. Work Scheduling (D-2): When the maintenance should be carried out? 
3. Work Execution (D-3): How the maintenance should be carried out? 
There are three different scenarios (S-1, S-2 and S-3) depending on which of the three the 
maintenance activities are outsourced and they are shown below  
DECISIONS
CUSTOMER SERVICE AGENTSCENARIOS
S-1
S-2
S-3
D-1, D-2
D-1
-
D-3
 D-2, D-3
D-1, D-2, D-3
 
In scenario S-1, the service agent is only providing the resources (workforce and material, 
i.e. D-3) to execute the work and the customer makes decisions about what and when the 
maintenance should be carried out (i.e. D-1 & D-2). This corresponds to the minimalist 
approach to outsourcing. In scenario S-2, the service agent decides on how (workforce and 
material) and when (i.e. D-2 & D-3) and what is to be done is decided by the customer (i.e. 
D-1). Finally, in scenario S-3 the service agent makes all three decisions (i.e. D-1, D-2 & D-
3).  
2.3 Parties Involved  
The two main parties are – the customer (owner of the object and recipient of the 
maintenance service) and provider (service agent providing the maintenance service). For 
complex plants and infrastructures there can be many other parties. Figure 1 indicates the 
different parties involved in the context of the privatisation of the rail infrastructure in the UK 
and many of them are important in the context of track maintenance outsourcing.  
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Figure 1 Privatisation of rail infrastructure in the UK 
Each party has a different goal or objective. The decisions of a party affect the outcomes 
for all the other parties. As such a game theoretic approach is most appropriate one for all the 
parties in making their decisions. We will confine our discussion to the simplest case 
involving only two parties – (i) owner of the object (customer for the maintenance service) 
and (ii) service agent (provider of maintenance service) and the maintenance service contract 
(MSC) specifies the maintenance actions to be carries out by the service agent.7 The contracts 
between the different parties determine the interactions between them.  
2.4 Maintenance Service Contract  
A MSC is a legal document that is binding on both parties and it needs to deal with technical, 
economic and legal issues. 
Classification of contracts  
1. Standard contracts: Mainly in the form of extended warranties for consumer products and 
service contracts for commercial and industrial products (e.g., lifts in buildings). The 
terms of the contract are determined by the service provider taking into account the 
marketing aspects. 
2. Customised contracts: For complex plants and infrastructures where the contract is often 
initiated by the owner and the terms decided jointly. 
Technical Issues 
• Types of maintenance tasks (PM and/or CM) to be carried out 
• The details of the tasks to be carried out 
• Types of the component/piece parts used for maintenance (standard part, Part 
manufacturing approved part, etc.) 
• Turnaround time 
• Documentations  
Economic/Financial Issues 
• Payments 
• Penalties 
• Risks 
• Insurance 
Legal Issues 
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• Terms of contract 
• Contract duration 
• Dispute resolution  
• Guaranty/warranty 
• Force major issues 
Unless the contract is written properly and relevant data (relating to the object and collected 
by the service agent) are analysed properly by the customer the long-term costs and risks will 
escalate.  
2.5 Literature Review 
The literature on maintenance outsourcing is rather limited and most can be found in Murthy 
and Jack (2013). Some other relevant references (dealing with very specific issues) are the 
following: 
• Jackson and Pascual (2008): maintenance contract negotiations for ageing equipment  
• Pascual et al. (2012): optimising maintenance contract with imperfect information  
• Toossi et al. (2013): value dimension of outsourced maintenance 
• Wu (2012): maintenance contract with PM outsourced  
• Godoy et al. (2014): maintenance contract and spare parts  
3. Decision Problems 
In the context of maintenance outsourcing both parties (owner and service agent) need to 
make several decisions. The decision criterion can be multi-objective. Models play a critical 
role in the decision making process – evaluating alternate options and choosing the optimal 
decision. The framework needed for decision making is different for the two parties as 
indicated below.  
3.1 Owner’s Perspective 
A framework for effective decision making from the owner’s perspective involves three 
stages as indicated in Figure 2. A brief discussion of the stages is given below. 
 
Figure 2 Framework for decision making [owner’s perspective] 
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Stage 1 [Pre-purchase]: Searching for information regarding alternative providers and details 
of contracts. The contract can be standard or custom designed depending on the object and 
the power relationship between the owner and the service agent.  
Stage 2 [Purchase]: Evaluating the contract options (terms, period, exclusions, etc.) and 
selecting the best option to purchase  
Stage 3 [Post-purchase]: Monitoring the performance of maintenance service over the 
contract period. The performance depends on usage of the object (under the control of 
customer) and the maintenance quality and level (under the control of the service agent).  
3.2 Service Agent’s Perspective 
A framework for decision making from the provider perspective also involves three stages as 
indicated in Figure 3. A brief discussion of the stages is given below. 
Presale
(Stage 1)
Information
Sale
(Stage2)
Service agent
Postsale
(Stage 3)
Servicing
Maintenance 
Of object
Customers
USage of 
object
Contract
Other parties
 
Figure 3 Framework for decision making [service agent’s perspective] 
Stage 1 [Presale]: Searching for information relating to customers, competitors, other parties, 
assets, etc. so as to decide on various management decisions from an overall business 
perspective at the strategic level. This includes the following:  
• Number of customers to service (size of business, regions to service, etc.) 
• Marketing strategies – channels of distribution, etc. 
• MSC offerings (terms, price, etc.) 
• Technology acquisition – for example, e-maintenance (of ship engines or assets in remote 
locations) 
• Partnership with other parties  
• Facilities needed to deliver the service such as service centres and warehouses (number, 
location, capacities, etc.)  
• Risk management. 
Stage 2 [Sale]: Marketing of contracts for standard contracts – pricing, promotions, etc.  
Stage 3 [Post sale]: The management decisions are mainly at the operational level. These 
include the following: 
• Customer service and satisfaction.  
• Maintenance logistics – inventory of spares, scheduling of maintenance activities, 
decisions regarding repair versus replace of a failed component, etc.  
7 
 
3.3 Role of Models 
Mathematical models play an important role in understanding and solving real world 
problems. In the context of maintenance outsourcing, models play an important role in 
assisting both owner and service agent in (i) carrying out analysis (such as the outcomes of 
different decisions) and (ii) deciding on optimal decision (to achieve some specified 
objectives).  
When uncertainty is a significant feature it needs to be taken into account. Understanding 
and dealing rationally with uncertainty or randomness is the basic goal of both probability 
and statistics. In probability, the objective is to construct mathematical models of 
randomness. Given the model, one can then make statements about the nature of the data that 
may result in realizations of the random phenomenon. In statistics, the objective is to use the 
observed data to make meaningful statements about the nature of the probability model. Thus 
probability and statistics are, in a very real sense, inverses of one another.  
A model is built using all the data and any other information available. If modelling is 
based solely on the data then it is empirical modelling (referred to as the “black-box” 
approach). If the underling mechanisms (or processes) are well understood then modelling 
based on this extra information (in addition to the data) is physics (or theory) based 
modelling (referred to as the “white-box” approach). Often, a model based on the black-box 
approach (with no understanding of the underlying mechanisms) leads to partial 
understanding of the underlying mechanisms and this, in turn, leads to new insights so that 
the model can be interpreted better or refined. In other words this leads to modelling based on 
the “grey-box” approach (something intermediate to black- and white-box approaches). This 
plays an important role in the improvement process during the post-contract phase and is 
discussed later in the paper.  
4 Data and Data Management 
4.1 Data, Information and Knowledge 
Data and information are two terms used either interchangeably as synonyms or with only 
slight differences. Generally, data represents a collection of realizations of a measurable 
quantity such as component failure times, component material property, load on the 
component, etc. Data are raw facts that have not been organized or cannot possibly be 
interpreted.  
Information is data that are understood. Information comes from the relationship between 
pieces of data. Information is extracted from data through data analysis. Information is the 
wider of the two concepts, not only statements of facts but also explanatory discourse or 
discussion, whereas data is the plural of datum, defined as a thing known or granted 
(Holstrom, 1971).  
Knowledge is the ability of individuals to understand the information and the manner in 
which the information is used in a specific context. Knowledge includes theories, models, 
tools and techniques, standards, and so forth. 
Data is needed for a variety of purposes such as planning, monitoring, benchmarking, 
evaluating and improving the various operations. The kind of data needed depends on the 
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context. Another important role of data is in building models to assist the decision making 
process.  
4.2 Data Management 
Data management deals with data collection and analysis. 
4.2.1 Data Collection 
Businesses collect data from many different sources and they can be broadly grouped into 
two categories – internal and external to the business. Internal data sources are from different 
sections (such as research and development, engineering design, production, maintenance, 
marketing, post-sale support, finance, legal, human resource, etc.) whilst external data 
sources include vendors (supplying inputs – material, components, etc.), retailers, service 
agents (if some or all of maintenance is outsourced).  
The types of data collected can be grouped into different categories such as (i) technical 
(relating to the object, usage, maintenance, etc.), (ii) economic (relating to, investments, 
revenues, cash flows, various types of costs, etc.), (iii) commercial (sales, market share, etc.) 
and so on. The kind of data to be collected depends on what is to be done with the data. 
4.2.2 Data Analysis  
Prior to data analysis, it is important to evaluate the data carefully to make sure that they are 
correct and appropriate for analysis in the context of the objectives of study. The purposes of 
the initial evaluation are to 
• Verify the source of the data 
• Verify that the data include the variables specified 
• Verify the units of measurement 
• “Clean” the data by deleting or, if possible, correcting obviously incorrect results 
• Identify outliers or otherwise unusual results 
• Check for missing data 
• Identify any other unusual data features 
Data analysis can be broadly grouped into (i) qualitative analysis and (ii) quantitative 
analysis. When data exhibits a degree of variability then concepts and techniques from theory 
of statistics are needed for proper analysis. Two important topics of statistical data analysis 
are descriptive and inferential statistics. Descriptive statistics are used in the summarisation 
and presentation of data. Summary values provide measures of the basic information content; 
graphical presentations give the overall picture based on the sample. Inferential statistics deal 
with two different types of problems, the first to do with making estimates, the second with 
testing hypotheses. Both tasks deal with methods to make statements about a population (the 
data collected being a sample from it) based on the information obtained from the sample.  
4.3 Role of Data 
Data is needed for a variety of purposes and include the following: 
1. Planning, monitoring, benchmarking and evaluating the various operations involved in 
the maintenance of an object.  
2. Building models to assist the decision making processes.  
3. For continuous improvements to the operations.  
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The process for continuous improvement is shown in Figure 4. It involves data analysis 
and modelling to get new insights based on the data available. This provides new insights to 
build better models (moving from the “black-box” approach to the “grey-box” approach). 
This involves a formulating one or more hypothesis and these become the assumptions for 
building better models. These hypothesis needs to be tested for their validity and this requires 
additional data and information. It is important that this is done properly before any 
improvement action is initiated.  
 
Figure 4 Use of data for continuous improvement in maintenance of object 
5. Data Management for Maintenance Outsourcing 
Data management refers to the development and execution of policies, practices and 
procedures that properly manage the full data lifecycle needs of an enterprise.  
Once a business has made the decision to outsource the two key issues are the following:  
1. Maintenance service contract – selecting the best contract from the various alternate 
contact options available in the case of standard contracts and the formulation of the 
contract in the case of customised contracts. 
2. Continuous improvement in the post-contract period. 
The kind of data and information needed for these two tasks are different. 
5.1 Data and Information Flow for Contract Decisions  
For customised service contracts McFarlane and Cuthbert (2012) deals with modelling 
information requirements in complex engineering services provided by external agents. We 
build on their model for information flow and our proposed model for formulation of 
maintenance service contract (for an object) is shown in Figure 5.8  It involves six elements 
(shown as six boxes in the figure) and four different information (used in a broader sense to 
include data) flows listed below. 
1. Design information (from customer to provider) 
2. Delivery information (from provider to customer) 
3. Assessment/evaluation information (from customer to provider) 
4. Interactions between provider and external suppliers. 
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We discuss briefly each of these.  
 
Figure 5 Information flows for MSC decisions 
5.1.1 Design Information 
Object: Object condition and configuration status at the start of the contract (past history of 
operation and maintenance) 
Customer needs: Conceptual information about the customer’s requirements for asset 
performance (reliability and financial related)  
Service contract: Information to formalise the MSC 
Provider offering: Alternative MSCs, asset performance implications, etc. 
Provider operations: Technical information to plan and develop the delivery of the MSC 
offered, cost information, resources (organisation, equipment needed, skill base), etc.  
External Suppliers: Technical information of equipment and material needed by the provider 
for delivery of maintenance service, cost information, etc.  
5.1.2 Delivery Information 
Customer needs: Information from the provider to enable the customer to achieve better 
coordination between maintenance service and asset operation 
Service contract: Information regarding the details of maintenance services to be delivered by 
the provider  
Provider offering: Information regarding the delivery details of alternate maintenance service 
offerings 
Provider operations: Technical information on how the provider can deliver the agreed 
maintenance services (relating to logistics of maintenance service delivery) 
External Suppliers: Delivery logistics for spares, material, etc. 
Turnaround time: The time elapsed between the removals of a repairable item from the 
system till the time it is returned as fully serviceable (Kumar et al., 2000). 
5.1.3 Assessment and Evaluation Information 
Object: Asset condition and configuration over the contract period 
Customer needs: Information to determine fulfilment of customer need 
Service contract: Performance requirements defined through various metrics (reliability, 
financial, operations, penalties, etc.), customers’ responsibilities, etc.  
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Provider offering: Information relating to the effectiveness of the maintenance service 
offerings defined through suitable performance measures 
Provider operations: Operational information on performance of service infrastructure and 
operations. 
External Suppliers: Component suppliers, transport services, etc. 
5.1.4 Provider – External Supplier Interactions  
Information flow between provider and external suppliers such vendors supplying material 
and spares, equipment manufacturers providing the equipment needed for carrying out 
maintenance service, specialists (for example for oil analysis), etc. 
5.2 Issues and Challenges 
Some of issues in collecting data are as follows: 
1. What kind of data should be collected? This is important as data collection is a costly 
exercise. 
2. Who should collect what? As indicated in Figure 5 there are four different parties 
involved. The component manufacturer (external supplier) and original equipment 
manufacturer (OEM) have the information (such as failure modes, etc.) that is relevant for 
reliability modelling. The service provider might or might not have the expertise to do a 
proper root cause analysis of failure. One way of overcoming this problem is for the 
component manufacturer to do the root cause analysis for a sample of failed items. The 
customer needs to collect operational data – such as usage mode and intensity, operating 
environment, etc.  
3. Who should do the data analysis and modelling? This requires integrating data from the 
different sources. To do this properly, the format of data collection is important. Who 
decides on the format needs to be resolved?  
Some of the challenges are as follows:  
1. Each party has a different goal (or objective) - for example, the customer is interested in 
improvements to reduce maintenance cost whereas the service provider is interested in 
maximising the profits.  
2. For each party there are data which are commercially sensitive and the unwillingness to 
share the data. 
3. If the data collection systems are not compatible exchange of data can be a major issue.  
5.2.1 Current Situation 
For most businesses the decision to outsource maintenance is based on cost saving in the 
short term frame. The outcome is the downsizing (or elimination) of maintenance department. 
The award of contract is based on short term costs with very little attention paid to continuous 
improvement processes or long term objectives. Maintenance contract decisions are based 
mostly on costs and risks – based purely from an accounting or financial perspective. As a 
result, data issues receive very little (or no) attention in the drafting of the maintenance 
contract. The following case study illustrates this point. 
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6. Case Study 
The case relates to a mining company which operates an open mining operation.9 In open cut 
mines, coal and overburden are transported using excavators and dump trucks. An excavator 
is a complex machine consisting of several systems. The hydraulic system is one of the 
important systems and this is comprised of several hydraulic pumps (for linear and rotational 
motions), hydraulic oil filters and several hydraulic lines.  
6.1 Hydraulic Pumps 
Hydraulic pumps convert mechanical power into hydraulic power by delivering different 
flows at different load pressures at the pump output. There are many different types of 
hydraulic pumps and the variable displacement axial piston pumps being the most common 
as they are easy to control and also highly reliable. The main subcomponents of this kind of 
pump are the pistons, barrel, swash plate, bearings, drive shaft, valve plate, and the control 
piston and a cross section of the pump is shown in Figure 6.  
 
Figure 6 Components of variable displacement axial piston pump (Li, 2005) 
A simple characterization of the pump operation is as follows. The barrel is attached 
directly to the drive shaft. As the drive shaft rotates, the barrel rotates. The pistons slide 
inside the barrel and the piston ends move along the swash plate on “slippers”. The pistons 
reciprocate inside the barrel holes (called barrel cylinders) due to the action of the piston ends 
(via the slippers) on the swash plate. This reciprocating action is responsible for the pumping 
capability of the unit. The pump barrel is always held against the valve plate, via a spring that 
is inside the barrel. There are two ports in the valve plate. One is at the suction port connected 
to the pump inlet. The other is the discharge port connected to the pump outlet. The barrel 
also contains cylinder ports on the end that contacts the valve plate. The movement of the 
cylinder ports against the valve plate directs the fluid into or out of the cylinders. In this 
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manner, fluid is drawn in through the suction port and discharged through the discharge port 
repeatedly as the barrel rotates.10  
6.2 Pump Failures 
A pump is considered to have failed if it cannot provide the required flow rate at the required 
pressure. Pump failure is detected by sensors and relayed to the operator. The failure is due to 
failure of one or more components of the pump. There can be one or more failure modes for 
each component and many causes leading to failure.11 
6.3 Pump Maintenance  
Pump maintenance involves both PM and CM actions. The PM actions involve:  
• Periodic servicing with different levels of servicing carried out in a cyclical manner - for 
example, Servicing A done every 500 hours, Servicing B every 1000 hours and Servicing 
C every 2000 hours which defines the cycle length. With each servicing, oil sample 
collected and sent for oil debris analysis. The results are used to assess the condition of 
the pump and to decide on a strip down maintenance action is needed or not. 
• Strip down maintenance based on age (based on usage clock) or condition of the pump. 
This is an age based policy.  
The type of CM action is based on whether the failure is minor or major.  
• A minor and non-critical component failure is rectified either when it is detected or 
delayed to be part of the subsequent shutdown maintenance.  
• A major failure is one when the pump cannot provide the required flow rate at the 
required pressure and the failed item is subjected to strip down maintenance. 
As the name implies a strip down maintenance (under either PM or CM action) involves 
dismantling the pump and evaluating its condition. It involves removing the pump from the 
excavator and transported to a central workshop where it’s conditioned is assessed. If the 
conditioned is deemed to be too bad the pump is scrapped. If not, all the worn-out 
components are replaced by new ones resulting in a reconditioned pump. The general 
accepted notion was that a reconditioned pump is as good as a new pump.  
7. Data Collection  
The data and information that the mining company provided related mainly to the technical 
issues. No information regarding the economic/financial or the contract terms were released 
for obvious commercial reasons.  
The mine operates 3 identical excavators on site with 2 engines per excavator and 4 
hydraulic pumps (variable displacement axial piston pumps) per engine. The mine has a small 
maintenance department which carries out the periodic servicing of the pumps and fixing 
minor failures. The strip down maintenance (under PM or CM) was outsourced to an external 
service agent. The service agent was responsible for the removal and the installation (new or 
reconditioned) pumps and also deciding whether to recondition or discard a failed pump.  
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The data recorded by the maintenance department was for 102 units sent to the service 
agent and grouped into the following two categories:  
(i) Failure data: failure times (units that failed and removed under CM action), and  
(ii) Censored data: service times (units that did not fail and removed under PM action). 
The information regarding whether an item used in the replacement of a removed item 
was new or reconditioned was incomplete. There was no information regarding the number of 
times a pump was reconditioned. Engine number was recorded but not the location of the 
pump in relation to the engine.  
The data collected by the maintenance department is given in Table 1.  
Table 1 Data collected by the maintenance department 
Age (hrs) Type New Age (hrs) Type New Age (hrs) Type New 
81 0  5923 1 Yes 11923 0  
149 1  6333 1  12005 0  
245 1  6717 1 Yes 12082 0  
340 1 Yes 7207 1 Yes 12090 0  
407 1  7265 1  12136 0 Yes 
461 1  7624 1 Yes 12141 0  
629 1  7625 0  12143 0  
856 0  7973 1 Yes 12163 0  
947 0  8183 1  12198 0  
1460 1  8217 1  12198 0  
1513 1  8390 1 Yes 12198 0  
1670 1 Yes 8462 1 Yes 12198 0  
1688 0  8728 1  12198 0  
2093 0  8817 1  12198 0  
2242 0  8870 1  12236 0  
2242 0  8884 0  12236 0  
2242 0  9055 1  12236 0  
2242 0  9182 1  12236 0  
2242 0  9334 1  12236 0  
2607 1  9368 1 Yes 12236 0  
2668 1  9729 1 Yes 12394 0 Yes 
2806 1  9751 0  12459 0  
3132 0  10299 1  13097 0  
3132 0  10389 0  13497 0  
3132 0  10413 0  13497 0  
3132 0  10557 1  13497 0  
3333 1 Yes 10944 1  13497 0  
3569 1  10970 1  13497 0  
3837 0  11647 0 Yes 13497 0  
3837 0  11678 1  13497 0  
4150 0  11686 1 Yes 14407 1 Yes 
5123 1  11798 0  15536 1  
5258 1  11869 0 Yes 16289 1 Yes 
5662 0  11869 0  17517 1  
The pumps are used continuously. The first column (labelled Age) indicates the age of the 
item at the end of the data collection period. The second column (labelled “Type”) indicates 
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whether data is a failure data (denoted by 1) or a censored data (denoted by 0 and indicating 
the item either still in use or removed under PM action). As can be seen the data consists 45 
failure data and 57 censored data. The next column indicates whether the failed item was a 
reconditioned or new item when put into operation. As can be seen, 15 failure data and 4 
censored data are listed as for new pumps (indicated by “Yes” in the table), 8 as 
reconditioned (not listed in the table) and no information (used or reconditioned) regarding 
the remaining units.  
7.1 Comments on the Data Collection 
The maintenance department did not have any information regarding the failure modes of 
failed units. The service agent either did not collect and/or not transmit the information 
implying that it was not part of the contract terms. There was incomplete information 
regarding the excavator, the engine and the location for most failed pumps. The service agent 
did not provide any information regarding the pumps scrapped or reconditioned. Also 
missing was the information if reconditioning was done more than once. As a result, lot of 
useful and relevant maintenance data and information was not available for proper analysis 
and modelling.  
8. Data Analysis and Modelling  
As the data is incomplete (involving service times in addition to failure times) descriptive 
statistics (such as computing sample mean, variance, etc.) is meaningless. However, one can 
plot the non-parametric empirical distribution function (EDF) and various transformed plots 
(such as the Weibull transformation) of the EDF. This is then used to select an appropriate 
failure distribution function to model the data based on the black box approach.12  
Many different distributions were tested to see whether they were appropriate model for 
the data or not.  We omit the details and the final model that was selected as being appropriate 
was a three-fold Weibull mixture (involving three sub-populations) given by  
1 1 2 2 3 3( ; ) ( ) ( ) ( )F t p F t p F t p F tθ = + +     (1) 
with 1 2 30 , , 1,p p p≤ ≤  1 2 3 1p p p+ + =  and ( ), 1, 2,3iF t i = , are two-parameter Weibull 
distributions given by  
( / )( ) ( ; , ) 1 , 0iiti i i iF t F t e t
βαα β −≡ = − ≥     (2) 
where βi is shape parameter and αi is scale parameter, i =1, 2, 3. The parameters of the 
distribution are { , , ,1 3}i i ip iθ α β≡ ≤ ≤ . The estimates of the model parameters based on the 
method of maximum likelihood are as follows: 
31 1 2 2 3 1ˆ ˆ ˆ, , ,3 2
ˆ ˆ ˆ
ˆ ˆ ˆ{ , , , , , } { }1.019, 2364.207, 5.576, 9481.855, 16.643, 16535.503, 0.166, 0.322,0.512p p pβ α β α β α =    (3) 
This suggests that the failures can be grouped into three groups. Failures from group 
( 1,2,3)i i =
 are from a distribution function ( ; , , )i iF t α β . Since the mean for a Weibull 
distribution with shape parameter β and scale parameter α is given by (1 1/ )α βΓ + , where 
                                               
12
 See Blischke et al. (2011) for more details on the selection of the model.  
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( )Γ ⋅  is the gamma function (Abramowitz and Stegun, 1972), the means ( 1, 2,3)i iµ =  for the 
three sub-populations are 876, 2345 and 16018 respectively.  
Also note that 3 2 1.µ µ µ> >  The shape parameter for 1( )F t  is close to one (suggesting an 
exponential distribution with purely random failures and age not having an effect). The shape 
parameters for the other distributions are greater than one (increasing failure rate and 
implying the wearing and/or ageing effects).  
One can use this model to determine the optimal age based policy for the pump and this is 
discussed in Karim et al. (2015). Here our focus is on getting new insights so that one can 
carry out improvements to the maintenance operation.  
8.1 New Insights  
Note that the data is a mixture from three sub-populations. Each of these sub-populations can 
be interpreted in terms of the characterisation of the real world relevant to the pump. This 
implies a modelling based on the grey-box approach – combining data with the new insights 
obtained from the black-box approach to modelling. One can think of several different 
scenarios and we discuss two of them. 
Scenario 1 
This scenario is based on the following assumptions: 
1. All new pumps are statistically identical  
2. Some of the items replaced during PM and CM action (or service exchange) are scrapped 
(as they are deemed to be repairable) and others reconditioned.  
3. All reconditioned pumps are also statistically identical  
4. The reliability characteristics of a new pump are different from that of a reconditioned 
pump 
5. A pump used during service exchange (under PM or CM action) can be either correctly or 
incorrectly installed.  
We use the following notation: 
q : Probability that the item is scrapped and replaced by a new under service exchange. 
p : Probability that the item used in service exchange is installed correctly. 
( )NF t : Failure distribution of new item installed correctly 
( )RF t : Failure distribution of reconditioned item installed correctly 
( )IF t : Failure distribution of incorrectly installed item (new or reconditioned)  
Comment: (1 )q−  is the probability that a failed item is not scrapped and reconditioned under 
service exchange and (1 )p−  is the probability that the item under service exchange is 
installed incorrectly.  
As a result, the probabilities of the different outcomes after a service exchange are as 
indicated in Table 2.  
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Table 2 Probabilities of different outcomes 
 Installation 
Correct Incorrect 
p  (1 )p−  
Scrap/repair Scrap (new) q  qp  (1 )q p−  
Not scrap (recondition) 1 q−  (1 )q p−  (1 )(1 )q p− −  
It is easily seen (using the conditional approach) that the time to failure of an item used in 
service exchange is given by a distribution function  
1( ) (1 ) ( ) (1 ) ( ) ( )I R NG t p F t q pF t qpF t= − + − +     (4) 
We assume that all the three distributions in (4) are two-parameter Weibull distributions. 
Then (4) is identical to (1) with the following equivalence between the parameters and the 
various distribution functions:  
1 2(1 ), (1 )p p p q p= − = −  and 3p qp=     (5) 
1 2( ) ( ), ( ) ( )I RF t F t F t F t= =  and 3( ) ( )NF t F t=   (6) 
We can obtain estimates of p  and q  from (3) and (5) and is given by 
1ˆ ˆ1 1 0.166 0.834p p= − = − =  and ˆ 0.614q = .    (7) 
The validity of the model can only be established with some additional data. If the service 
agent had collected information regarding the fraction of failed units scrapped it would have 
provided a basis for checking whether the estimate of q  is reasonable or not. If there was 
proper recoding of the units (new or reconditioned) one could fit two-parameter Weibull 
distributions to each of them to see if the parameter estimates are close to the ones estimated 
using the black-box approach.  
Scenario 2 
This scenario is based on the following assumptions: 
1. The life time distributions of new pumps are not identical. One possible reason for this is 
that the new pumps used in maintenance are supplied by two manufacturers with different 
reliability characteristics.  They can be divided into two groups - 1GR  (from manufacturer 
1 with higher pump reliability) and 2GR  (from manufacturer 2 with lower pump 
reliability). 
An alternative explanation: The two groups are based on the location of the pump in 
engine. The failure distributions are different based on the location. 
2. New and used pumps are statistically similar (reconditioning is perfect – one that is 
commonly accepted in the mining industry but never proven rigorously) 
3. Pumps used in 1GR  have failure times from a distribution function different from that 
used in 2GR   
4. A pump used during service exchange (under PM or CM action) is either correctly or 
incorrectly installed.  
We use the following notation: 
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q : Probability that the pump was used in an engine is from group 1GR  
p : Probability that the item used in service exchange is installed correctly. 
1( )H t : Failure distribution of pump used in an engine from GR1 and installed correctly 
2 ( )H t : Failure distribution of pump used in an engine from GR2 and installed correctly 
( )IH t : Failure distribution of incorrectly installed item (from GR1 or GR2)  
Then, following the approach used in Scenario 1 we have 
2 1 2( ) (1 ) ( ) ( ) (1 ) ( )IG t p H t qpH t q pH t= − + + −    (8) 
We can obtain estimates of p  and q  in a manner similar to Scenario 1.  
Validation of Models  
The data collected (and given in Table 1) is not sufficient to decide if the models of Scenario 
1 and/or Scenario 2 are valid. One needs additional data for validation of models. Data that 
should have been collected include the following: 
1. The unit used in replacement being new or reconditioned.  
2. The number of times a unit was reconditioned (if it was reconditioned more than once) 
before being scrapped 
3. Failure modes of failed units 
4. Installation during replacement being correct or incorrect  
5. The fraction of failed units scrapped 
6. The location of the failed unit in the engine 
In the case of 1) and 6) data was recorded for a small number of units and missing for the 
rest.   
9 Improvement Process 
Improvements in maintenance outsourcing should lead to (i) reduction in the costs to the 
owner and (ii) increase in the service agent’s profits. This requires proper data collection, 
analysis and modelling. 
9.1 Proper Data Collection  
Proper data collection is very important for any improvement process to maintenance of an 
object. The owner and the service agent need to address jointly the following questions as 
part of MSC: 
1. What kinds of data (and the level of detail) that should be collected? 
2. What are the responsibilities of the owner and the service agent in the data collection 
process? 
It also requires the involvement of two other parties – (i) the original equipment manufacturer 
and (ii) the component suppliers. The interactions and the flow of information that is needed 
between these four parties are indicated in Figure 7. The issues need to be thought out 
carefully and the contract drafted to address them properly. 
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Figure 7 Information flow for continuous improvement of outsourced maintenance 
Collecting data is costly and this effort needs to be balanced against the intended uses and 
benefits. Proper data collection increases the effectiveness of the decision making during the 
design and operation phases of the product life cycle.  
Proper data helps manufacturers to recognize the weakness of their products in real 
operational environment and to take action to eliminate the failures or reduce probability of 
their occurrence in the next generation. In addition, it enables a manufacturer to make more 
precise evaluation of product performance and passing this information to customers and 
service agents for better decision-making in the context of drafting the maintenance service 
contract, maintenance planning and inventory management.  
9.2 Proper Data Analysis and Modelling 
Data analysis requires a good background in the theory of statistics and the modelling 
requires a good understanding of reliability theory and stochastic processes. Most owners do 
not have people with this expertise (as often outsourcing is driven by the desire to reduce the 
workforce). This implies that it is the service agent who either has this expertise in-house or 
can hire external consultants (and in conjunction with the design group of the OEM) to help 
set up systems to carry our proper analysis and modelling using one of several different 
software packages that are commercially available.  
Karim et al (2015) look at optimal age policy using models based on Scenarios 1 and 2. 
The results are compared with the optimal policy based on the three-fold Weibull mixture 
model. The results show a reduction in the expected maintenance costs per unit time 
(benefitting the service agent) and less frequent PM actions (benefitting the owner). 
However, this is conditional on (i) validation of the models through additional data and (ii) 
the service agent initiating appropriate actions (such as, for example training the workforce to 
eliminate incorrect installation). It highlights the importance of proper data collection and 
needs to be addressed in the contract.  
10 Conclusions 
There is an increasing trend towards the outsourcing of maintenance. In most cases the 
contract focuses on delivery of maintenance service and costs. Data collection and analysis is 
either ignored or not addressed effectively in the contract. Proper data collection and analysis 
leads to new insights and models and the validation of models. Decisions based on validated 
models benefit both parties.  
The paper proposes a framework for proper data collection when maintenance is 
outsourced. It not only involves the owner and the service agent but also the component 
suppliers and the OEM. This joint partnership to tackle data collection and exchange leads to 
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extra information that is of mutual benefit to all the parties involved – the component 
manufacturer improving the reliability of the component and a more reliable component 
leading to a more reliability final product.  
Acknowledgement: The authors thank the editors and reviewers for their comments on the 
earlier versions of the paper.  
References 
Abramowitz, M. and Stegun, I. A. (1972), Handbook of Mathematical Functions, Dover, 
New York. 
Blischke, W.R. and Murthy, D.N.P. (2000), Reliability – Modeling, Prediction and 
Optimization, Wiley, New York. 
Blischke, W.R., Karim, M.R. and Murthy, D.N.P. (2011), Warranty Data Collection and 
Analysis, Springer Verlag, London.  
Campbell, J.D. (1995a), Outsourcing in maintenance management – A valid alternative to 
self-provision, Journal of Quality in Maintenance Engineering, 1(3), 18-24. 
Campbell, J. (1995b), Uptime: Strategies for Excellence in Maintenance Management, 
Productivity Press, Portland.  
Clemons, E.K. and Hitts, L.M. (1997), Strategic Outsourcing for Services: Assessing the 
Balance between Outsourcing and Insourcing, Working paper, Wharton School, Draft 16, 
June, 1997.  
Godoy, D. R., Pascual, R., & Knights, P. (2014), A decision-making framework to integrate 
maintenance contract conditions with critical spares management, Reliability Engineering 
& System Safety, 131, 102–108. 
Holstrom, J.E. (1971), Personal filing and indexing of design data, Proceedings of 
Information Systems for Designers, University of Southampton, UK.  
IEC 60300-3-14 (2004), Dependability Management - Part 3-14: Application Guide - 
Maintenance and Maintenance Support, International Electrotechnical Commission, 
Geneva. 
Jackson, C., & Pascual, R. (2008), Optimal maintenance service contract negotiation with 
aging equipment, European Journal of Operational Research, 189, 387-398 
Karim, M.R., Ahmadi, A. and Murthy, D.N.P. (2015), Maintenance Data Modelling – A case 
Study, Under Preparation for publication.  
Krivchenko, G.I. (1994), Hydraulic Machinery: Turbines and Pumps, Lewis Pub., Boca 
Raton, Fla.  
Kumar, U.D., Crocker, J., Kenezevic, J., El-Haram, M. (2000), Reliability, Maintenance and 
Logistic Support, Kluwer Academic Publishers, The Netherlands. 
Lambeck R.P. (1983), Hydraulic Pumps and Motors: Selection and Application for 
Hydraulic Power Control, Marcel Dekker, New York. 
Li, Z. (2005), Condition Monitoring of Axial Piston Pump, Master thesis, University of 
Saskatchewan, Saskatoon, USA.  
McFarlane, D.C. and Cuthbert, R.C. (2012), Modelling information requirements in complex 
engineering services, Computers in Industry, 63, 349-368. 
Murthy, D.N.P. and Jack, N. (2013), Extended Warranties, Maintenance Service and Lease 
Contracts, Springer Verlag, London. 
Pascual, R., Godoy, D. and Figueroa, H. (2012), Optimizing maintenance service contracts 
under imperfect maintenance and a finite time horizon, Applied Stochastic Models in 
Business and Industry, 29, 564-577. 
21 
 
Toossi, A., Lockett, H.L., Raja, J.W. and Martinez, V. (2013), Assessing the value 
dimensions of outsourced maintenance services, Journal of Quality in Maintenance 
Engineering, 19, 348 – 363. 
Wu, S. (2012), Assessing maintenance contracts when preventive maintenance is outsourced, 
Reliability Engineering & System Safety, 98, 66-72. 
  
22 
 
Data Management in Maintenance Outsourcing 
D.N.P. Murthy, M.R. Karim and A. Ahmadi 
 
 
Highlights 
 
• Framework for data management in maintenance outsourcing.  
• Black-box to grey-box approaches for modelling.  
• Improvements to maintenance decision-making.  
• Case study to illustrate the approaches and the shortcomings in data collection. 
 
 
 
 
 
